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NOTATION 


Che data are presented in the form of nondimensional force and.moment coefficients 


which are referred to the 25-percent mean-geometric-chord point projected on the plane of the 


root section. The positive directicn of the forces, moments, and angular displacements is 


shown in Figure 1. The coefficients and symbols are defined as follows: 


6/2 


(CP)z 


Effective aspect ratio, 57,’S 


Section-lift-curve slope, ay octal 
da Jax0 ar 


Semi-span, measured perpendicular to plane of root section 


Chord, measured parallel to plane of root section 


a e,t+e 
Menn geometric chord, £ 


~ 


Dr 
Dray coefficient, peas 
qs 


Crossflow drag coefficient 
bending moment 


Root bending-n:oment coefficient, : 
qS 6/2 


Lift 
Lift coefficient, — 
gs 


Section lift coefficient 
Lift-curve sop, ( $2 ) 
0a Jax 0 


a, Jc, =o 


Torqueor »itching moment coefficient about quarter-chord point of 
pitching moment 


megan geometric chord, = 
qsé 


yawing moment 


Axial bending or yawing-moment coefficient, 
qs b/2 


Chordwise center of pressure measured from leading edge at mean 
geometric chord in percent of the mean geometric chord, 


Cm— 
(CP), = 0.95 - ——____£/4_ 
C, cos a+ Cy sin @ 
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(CP), Spanwise center of pressure measurod from plane of root section in 
Cy cose ~ Cy sine 


percent of semispan, (CP), = i tee SC swe 
L D 


q Dynamic pressure, —— ou? 

Subscript r Root 

R Reynolds number, 

S Planform area 

Subscript ¢ Tip 

U Free-stream velocity 

z Chordwise distance, measured parallel to plane of root section 

a Angle of attack 

d Taper ratio, c/c, 

v Kinematic viscosity 

2 Angle of sweep of q wwter chord line 
Z Axis 


yh Mean Geometric Chord € 
Win" 
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ee Saeep Angle =~ 
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Nee 


Y Axis a 


Figure 1 - Coodinate System Showing Positive Direction of Forcas, 
Moments, and Angle of Attack 
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ABSTRACT 


The free-stream characteristics of a family of low-aspect ratio, all- 
movabie control: surfaces are presented. These characteristics—i.e., force 
and moment coefficients, and chordwise and spanwise center of pressure 
locations—are plottad as -functions of the angle of attack for each surface 
at various Reynolds numbers in both the ahead and the astern conditions. 
Investigations were made of the following: three aspect ratios 1, 2, and 3; 
five section shapes (NACA 0015, Navy Standard Strut, TME:-EPH, TMB 
Fairing No. 7, and TMB-No. 07507515): two tip shapes, faired and square; 
‘and three sweep angles (—8, 0, 1). Cross-plots were made to assess the 
effects of these parameters, and semi-empirical equations for the force and 
moment coefficients suitable for design applications are.presented. Also 
included is a design technique for computing the control surface shaft torque. 


INTRODUCTION 


An investigation of a family of all-movable, low-aspectratio control surfaces was made 
to determine the free-stream characteristics. The purpose’of this report is to present. design. 
information and procedures based on the results obtained from tiiese tests. 

The tremendous growth of the field of aerodynamics has been of great benefit to the 
ship and submarine designer as well as the designer of aircraft. However, there are signifi- 
cant differences between aerodynamics and hydrodynamics, and many <imes the dats derived 
from one are not directly applicable to the other. An example of this is control surface de- 
sign, where the hydrodynamicist or naval architect is, in general, concerned with control sur- 
faces of low-aspect ratio (effective aspect ratio of 3 or less) as well as problems of cavitation 
and effects of free surface. 

Recognizing the need for additional information for use of the ship and submarine de- 
Signer, the David Taylor Model Basin undertook a program of research on control surface de- 
sign. The first step in this program was to establish the direction in which research should 
proceed. This resulted in an extensive bibliography! and a report? which presents a general 
discussion of the design of control surfaces for hydrodynamic applications. The latter report 
points out the superiority of the all-movable con‘ol surface for such applications. The sec- 
ond step consisted of extensive wind-tunnel tests of a family of all-movahle control surfaces 
of low-aspect ratio. The third step was e-aluation of these data, preparation of design charts, 
and comparison with existing theory and semi-empirical design procedures, The fourth step 
is to extend the test program to include a series of all-movable, low-aspect-ratio, flapped- 


IRefereaces are listed cn page 30. 


typo control surfaces, with and without tabs, This phase is presently under way and will be 


the subject of-a future report. 

In this report the free-stream characteristics of a particular series of control surfaces 
are presented for various Reynolds numbers in both the ahead and astern conditions. Also, 
the effects of variations of the geometric parameters and Reynolds numbers are shown, and 
the results are compared with theory. Equations for computing the lift, drag, and moment 
coefficients which are satisfactory for design purposes are also presented. 


BASIC CONSIDERATIONS 


In an effort to obtain sufficient data for comparative purposes, a family of control sur- 
faces was selected to cover a wide operating range. In the past hydrodynamic control surfaces 
and struts have been designed with various cross sections, such as the Navy Standard Strut 
and TMB-EPH section. Both of those sections were designed for iow drag and anti-cavitating 
properties, under the assumption that they would always be operating at very low angles of 
attack. Control surfaces and even struts, however, are often subjected to large angies of 
attack. It is thus frequently necessary for the designer to select a control surface for low 
drag and anti-cavitating properties at high as well as low angles of attack. 

Often, available space and operating conditions require low-aspect-ratio control sur- 
faces to satisfy design-conditions. Many planforms usedon ships and submarines were de- 
termined on the basis of space available. A basic planform with zero sweep was selected 
for this investigation, and planforms with both sweep forward and sweepback were investigated, 
The control surfaces investigated are approximately 15 percent thick, which represents a 
reasonable compromise between the hydrodynamic and structural requirements, 


SECTION SHAPE 


Five section shapes (Navy Standard Strut, TMB-EPH, TMB-No. 07507515, TMB-Fairing 
No. 7, and NACA 0015) were selected as representing typical sections in use at the present 
time. Figure 2 compares these section shapes and shows that both the nose radius and the 


location of maximum thickness differ for the various sections. 
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PLANFORM 


There are many combinations of parameters which describe the geometry of a control 
surface. It was decided, therefore, to reduce the arbitrariness of planform selection by re- 
lating planforms through the concept of elliptical spanwise load distribution. Theoretically, 
such a distribution results in minimum drag and maximum lift-curve slope for a surface operat: 

ing in a uniform stream. Reference 3 employs a simplified lifting surface theory to show 
that, for elliptic loading, the location of the spanwise center of pressure-is independent of 
aspect ratio for a certain functional relation between taper ratio and sweep anglo. This re- 
lationship between taper ratio and sweep angle is reproduced herein as Figure 8, From this 
curve a taper ratio of 0.45 was chosen for all models of the series, ‘since theoretically, this 
value produces elliptic loading for a quarter-chord sweep-angle of zero. Further, in order to 
cover a range to each side of the curve for elliptic loading, models having sweep angle of 

8 degrees forward and 11 degrees aft were also iacluded in this series. The planforms of the 
models are shown in Figure 4. 
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Figure 3 - Theoretical Relationship between Taper Ratio and Sweep Angle 
for Which the Location of the Spanwise Center of Pressure Is 
Independent of Aspect Ratio 
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Figure 4 - Planforms of All-Movable Control Surfaces 


TIP SHAPE 


Two tip shapes, square and faired, were investigated for selected members of the 
series, The faired tips were generated, as shown in Figure 5, where for a particular planform 
and a given value of z along the root chord, a ray / is drawn which:passes through the apex 
of the cone. The circle, tangent to the upper and lower surfaces of the control surface, is 
then constructed as shown in section A-A. This defines the shape of the tip fairing for all 
values of z. 


See Apex 
Bee . 
Pa 
Thickness at 
Root for Given Tip Fauring 
x 


Rodius 


Section A-A 


Figure 5 - Method Used to Design Tip Fairings 
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DESCRIPTION OF MODELS 


All models were constructed of mahogany with a mean geometric chord (@) of 2 feet. 
This value was selected as a maximum in order to minimize wall effects in the TMB 8- by 
10-foot low-speed wind tunnel, 

Control surfaces with geometric aspect ratios of 0.5, 1.0, and 1.5 were constructed by 
varying the semi-span from 1 to 3 feet, It should be noted that these values correspond to 
effective aspect ratios of 1.0, 2.0 and 3.0, since the models were mounted on a ground board 
in the wind tunnel. The geometric characteristics of the models are listed in Table 1, and 
the non-dimensiunal offsets are given in Table 2. 


TABLE 1 


Geometric Characteristics of-Control Surface Models 


All models have a mean geome:ric chord of 2 feet, a taper ratio of 0.45, 
and root chord of 33.110 iuches, 


Thickness 
Planform Area Ratio 


TMB Model | Section Shape (Semi-Span) * 
No, s t/e 


percent 


NACA 0015 


MR POM BR & GY PO PO DO ok ee 
' 
~ 
(— i — 2 — i — ee 
ar Pr DDD & & & PP PO 


_ 


TMB-EPH 
Navy Std Strut 
TMB-07507515 


TMB: Fairing No. 7 
¢ ¢ is maximum thicknens, 


¢ is section chord length. 


TABLE 2 
Nondimensional Offsets for Control Surface Sections 


f waca ons ® | TMB-EPH-16.7° | Navy Std Strutt TMB-0750715 TMB Faiting No. 7 tt 
ye we [Ewe 


Circular Noise 


0 
0.002079 
0.0159418 
0.02722 
0.044610 


0.060067 
0.069836 
0.076291 
0.000393 
0.082643 


0.083351 


0 
0.001547 
0.005882 
0.01752 
0.05 


0.10 
0.15 
0.20 
0.25 
0.30 


0.35 


0 
0.01258 
0.01775 
0.02495 
0.03487 


0.04529 
0.09311 
0.07008 
* 0.07538 
0.07918 


0.08307 


Circular leading edge with 
straight taper from point of 
tangency to trailing edge. 


0.08333 | 0.08333 
0.3333 | 0.08333 
0.4000 | 0.08327 


0.4667 | 0.0828) 
0.5333 | 0.08157 
* 9.6000 | 0.07917 
V.6667 | 0.07519 
0.7333 | 0.06927 


0.8000 | 0.06100 


0.05249 :| 0.040 


Os) 
0.100 


R/e = 0.075 


Max. thickness at 2/c = 0.075 


0.08335 | 0.40 6.082720 te «O15 0.8667 | 0.05000 - 
0.08330 | 0.45 0.080897 0.9000 | 0.04330 
0.08052 | 0.50 0.077983 0.9333 | 0.03536 


0.9667 | 0.02500 
0.9833 | 0.01768 


0.07747 
0.07333 


0.55 
0.60 


0.074062 
0.069183 


0.06810 | 0.65 0.063425 1.0600 0 
0.05434 | 0.70 0.056790 
0.04583 | 0.75 0.049322 


0.03617 | 0.80 0.041038 


0.02962 | 0.85 0.031957 
0.02467 | 0.90 0.022086 ' 
! 0.01882 | 0.95 0.011434 


0.01070 | 1.00 0 


0 


Reference 16. 
Reference 4, 

fThese values of y/c have deen revised from those given In Reference 5, which were not correct to the number of significant 

figutes given, These tabulated offsets have been checked and are believed to be accurate. 


tfRefarence 6. 


APPARATUS AND TESTS 


Tests were made in the 8-by 10-foot low-speed wind tunnel at the Taylor Model Basin, 

This tunnel is an atmospheric, closed-throat, return-flow type in which an air speed of about 
160 mph (q¢ = 60 psf) can be obtained. The Reynolds number range of the tests was approxi- 
mately 1 to 8 million (Mach number range of 0.07 to 0.21). 

The control surfaces were mounted on a ground board, as shown in Figure 6, and the 
gap between the control surface and the ground board was approximately 0.005 ¢ (1/8 inch), 
The ground board was located 2 feet above the tunnel floor; hence the effective size of the 
test section was 6 by 10 feet. Tunnel wall corrections were applied, in accordance with 
Reference 7, 

Force and moment measurements were made, using the wind-tunnel balance, which is 
is a motor-driven, null-type, mechanical system. The measuring accuracy was: lift, + 0.2 
pounds; drag, +0.1 pounds; and moment, + 0.1 foot-pound. 
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Figure 6a - With Faired Tip Figure 6b - Without Faired Tip 
Figure 6 - Control Surface Model Mounted over Ground Board in Wind Tunnel 


PRESENTATION OF DATA 


The results of the wind-tunnel investigation®: 9 sre presented in nondimensional form 
in Appendixes A through D. These plots show force coefficients, moment coefficients , and 
spanwise and chordwise center of pressure versus angle of attack, Also, the theoretical 
spanwise center of pressure location, which is 4/37 6/2 for elliptic loading, is indicated. 
The NACA 0015 section shape was used for the major portion of this investigation. The re- 
sults for these surfaces in the ahead condition with square tips are in Appendix A, with 
faired tips in Appendix B, and in the astern condition (trailing edge forward) in Appendix C. 
Appendix D contains the results for the TMB-EPH, NSS, TMB-07507515, and TMB Feiring 
No. 7 in the ahead and astern conditions. 

Cross plots (Figures 7 through 27) show the effect of varying the Reynolds number, 
sweep angle, and aspect ratio on the measured quantities. 


(Text continued on page 17). 
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2 |Fored | 0015 |0.45 
2 {Squere} OOI5 [0.45 
3 |Squore| OOI5 [0.45 


Two Dimensional Data for Smooth 
NACA OO0I2 Section 


Two Dimensional Data for NACA 
00!2 Section with Standard 
NACA Roughness 


. Two Dimensional Dato Taken from 
Reference 10 


) \ 02 03 040506 08 10xI0® 
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Figure 7 - Effect of Reynolds Number and Roughness on Maximum 
Lift Coefficient of Control Surfaces 
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EFFECTS OF REYNOLDS NUMBER 


The Reynolds number (ratio of inertia forces to viscous forces) is generally used as a 
criterion for similarity of flow around the model and the full-scale body, The Reynolds num- 
ber effect (i.e., effect of viscosity) on the maximum lift coefficient is shown in Figure 7 for 
the control surface with an NACA 0015 section. The variation in maximum lift coefficient 
with Reynolds number is seen to be of considerable magnitude for surfaces with aspect ratios 
of 2 and 3, as well as for infinite aspect ratio surfaces.!° This plot shows the effect of 
fairing the tip, as well as roughness effects, 

The variation of stall angle with Reynolds number is shown in Figure 8, and over the 
range tested, the maximum variation was 5 degrees. This was obtained with a surface having 
an effective aspect ratio of 2 with a square tip. The stall angle also increased slightly with 
increasing Reynolds number for an aspect ratio of 3, but for an aspect ratio of 1 the s-all 
angle remained almost constant. 

Figure 9 is a plot of maximum lift coefficient and lift coefficient at a 10-degree angle 
of attack’ versus Reynolds number for all five sectious of the series. All surfaces had the 
same taper.ratio, sweep angle, and aspect ratio. The greatest variation in C io was noted 


for the TMB-No. 07507515 and TMB-Fairing No. 7. This was to be expected, since both sec- 


tions have circular leading edges, However, C be is almost constant over the 
a 


= 10 degrees) 
Reynolds number range for all surfaces tested. 

Figure 10 shows that the drag of surfaces with TMB-No, 07507515 and TMB-Fairing: 

No. 7 section shapes varies in much the same way as the lift. However, the minimum drag 
coefficient for these two surfaces is almost one and one-half times greater than the minimum 
drag coefficient of the others tested, 

The plot of lift-drag ratio (L/D) versus Reyaolds number (Figure 11) shows that surfaces 
with TMB No. 07507515 and TMB Fairing No. 7 section shapes have a lower (L/D)... than the 
other sections tested. These two surfaces also exhibit a greater Reynolds number effect on 
the location of the center of pressure, as shown in Figures 12 and 13. 


EFFECTS OF GEOMETRIC PARAMETERS 
AHEAD CONDITION 


Sweep Angle 


Studies were made of the effect of sweep on the characteristics of control surfaces with 
an NACA 0015 section and effective aspect ratios of 1, 2, and 3. Measurements were made 
for angles of sweep of the quarter-chord line of 11 degrees aft, zero degrees, and 8 degrees 
forward, Figure 14 shows that this limited variation of sweep has little effect on the lift 
coefficient at a= 10 degrees. The effect of sweep on the drag coefficient was as much as 
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20 percent, with the greatest variation occurring for an effective aspect ratio of 3, as shown 
in Figure 15. 

Figures 16, 17, and 18 show the variation of L/D ratio and location of the spanwise 
and chordwise centers of pressure with sweep angle. It should be noted that the.location of 
the spanwise center of pressure is always slightiy out board of the theoretical value 4/3” 3/2 
for a surface with elliptical loading. This confirms expectations for a taper ratio of 0.45, as 
shown in Figure 3, for swept-back surfaces, but is contrary to the results expected for swept- 
forwa::] surfaces, However, in the latter case this variation was only 2 to 6 percent from the 
theoretical value for @ = 10 degrees. 


Aspect Ratio 


The ‘‘aspect ratio” referred to throughout this report is the effective aspect ratio (or 
627S) when the surface is mounted on a ground board, Figure 19 shows that at a = 10 degrees 
the lift coefficient of a surface with an NACA 0015 section increases with increasing aspect 
ratio over the range covered. However, the maximum lift coefficient decreases with increasing 


-aspect ratio over the lower part of the Reynolds number range. The drag coefficient, L/D 


ratio, and location of the spanwise center of pressure of the surfac-s with an NACA 0015 
section and zero sweep are shown on Figures 20, 21, and 22. 

Figure 23 shows that as the aspect ratio is increased, when a = 10 degrees, the chord- 
wise center of pressure moves aft toward the quarter chord of the control surface. However, 
near the stall angle the chordwise center of pressure moves forward toward the nose as the 
aspect ratio is increased, 


Tip Shape 


The control surfaces with the NACA 0015 section were tested with square and faired 
tips. From Figure 7, for an aspect ratio of 2, a higher value of C, was obtained with 
max 


square tips than was obtained with faired tips. At the highest Reynolds number the faired 
tip reduced the stall angle approximately 2 degrees, 

Figures 10, 12, and 13 show the effect of the tip shape on the drag coefficient, the 
spanwise center of pressure locations, and the chordwise center of pressure location, 
respectively, 


ASTERN CONDITION 


Surfaces with an NACA 0015 section with square tips were tested at a Reynolds num- 
ber of 3 million in the astern condition. Cross plots of the coefficients as a function of the 
sweep angle are presented in Figures 24 through 27 for surfaces with three different aspect 
ratios. For most control-surface design problems, the behavior of the surfaces in reverse flow 
are of secondary importance. However, for situations where this information is required, the 
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cross-plots show the effect of sweep and aspect ratio on the coefficients. Also, the results of 
the wind-tunnel tests are presented in Appendixes C and D for the surface in the astern condition. 


CORRELATION WITH THEORY 


Several theoretical and semi-empirical equations are available in the aerodynamic and 
hydrodynamic literature for estimating the characteristics of low-aspect-ratio surfaces. All 
cf these existing equations exhibit poor agreement with experimental results or agree with 
the experimental results for only one specific control surface. The experimental results for 
low-aapect-ratio surfaces exhibit a nonlinear effect which may be of considerable importance 
in the calculation of the coefficients, A semi-empirical approach is therefore employed to 
arrive at equations suitable for engineering computations. 


LIFT COEFFICIENT 


A modification of the Helmbold!! equation with-a nonlinear term of the form suggested 
by Betz and ~thers will be presented for the lift coefficient, When the form of the Lift coeffi- 
cient is chosen as 


Ci=fatt, a? 


where 
h=t; (G5. 2.12 ) 
f, = 1, (es Cp.) : 


satisfactory agreement has been achieved in isolated cases by properly selecting the functions 
f, and fs Taking derivatives of C, with respect to @ yields 


, ee 
OP a OO PIE he ee pe OF SSN ig, ROI ATEN — PISS ASTI A CLINE NP” PRNTETRE ALL, ILE, 


acy, 
Pee il 


and 
ac, 


da 


=2f, 


Hence, the function f, is the lift-curve slope at @ = 0 and h, is 1/2 the curvature of the lift 

curve. From a survey of the aerodynamic literature it is seen that the Helmbold equation, as 

mofified by Polhamus!2 to account for sweep, is a satisfactory relationship for hy From con- 

sideration of the semi-empirical equation proposed in Reference 13, which included an «#2 

q term, there appears to be a dependence of the nonlinear portion of the lift coefficient on aspect 
tatio. If the form of h, is selected as 
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f, = Cp. a : 
2 —_—_ ——ee 
a, \ 57.38 


then, in the limit as a, + », f, + 0, which is in agreement with experimental evidence. 
Then, using the Polhamus equation for f, and the proposed form for f,, the lift coefficient 


can be written as 


| aya, Cy, a 2 
Cit ifs “* 3 \e73 
Ge 57.3 a, ‘ (1) 
+44 ——— 


cos49 7 


cos Q 


and the lift-curve slope at a=0 is 


(<4) - : a,a, 
da ao. 


2 
Qa. oe 57.3 a) 
cos4Q 7 | 


where a, is the section lift-curve slope corrected from experimental observations, 
a, = 0.9 (27/57.3) per degree, 


(1a] 


a is the effective aspect ratio, 

2 is the sweep of quarter-clord line, 
C D, is the cross flow-drag coefficient, and 
ais the angle of attack in degrees. 


The crossflow drag coefficient, which is a function of the tip shape and taper ratio, 
was evaluated at a single point from the wind-tunnel results for both the square and faired 
tips. These values (Cp, = 0.80 for squared tips and Cp. = 0.40 for faired tips) were used 
in the semi-empirical equation for the lift coefficient. Figure 28 presents an experimentally 
detennined relationship for the crossflow drag coefficient as a function of the taper ratio for 
both square and faired tips. Those two curves were deduced from the experimental data ab- 
tained from this investigation and from Reference 14. 

Figures 29 and 30 are comparisons of the theoretical and measured lift coefficient as 
a function of angle of attack for surfaces with an NACA 0015 section with square and faired 
tips, respectively. 
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Figure 28 - Effect of Tip Shape and Taper Ratio on Crossflow Drag Coefficient 
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Figure 29 - Comparison of Experimental and Calculated Lift Coefficients for 
Square-Tip Control Surfaces of Various Aspect Ratios 
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Figure 30 - Comparison of Experimental and Calculated Lift Coefficients for 
Faired-Tip Control Surfaces of Various Aspect Ratios 
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DRAG COEFFICIENT 


The drag coefficient can be computed with reascnable accuracy from 


Ci [2] 
Cp = Cg, 7a, ¢ af 


where Ca, is the minimum section drag coefficient, 
C, is the Lift coefficient, 
a, is the effective aspect ratio, and 
e __is the-Oswald efficiency factor (e = 0.90) from Reference 15. 


On Figures 31 and 32 this semi-empirical equation is compared with the measured results of 
the wind-tunnel tests;. The value for Ca, of 0.0065 was taken from Reference 16 for the NACA 
0015 section. 
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Square-Tip Control Surfaces of Various Aspect Ratios 
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Figure 32 - Comparison of Experimental and Calculated Drag Coefficients for 
Faired-Tip Control Surfaces of Various Aspect Ratios 
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PITCHING MOMENT COEFFICIENT % 


In addition to the lift and drag forces, the pitching moment must be known before the 
torque on the control surface shaft can be computed. A semi-empirical equation for the pitch- 
ing moment coefficient can be written as: 


Cc 
C, . (2) -(32) (2) « “if "e ( a] (31 
shaft C Janae \ OC, , da 24 57.3 


L=0 C, =0 


where the nonlinear correction term is of the same form as for the:lift coefficient. When the 
shaft is located at z/c = 0.25, as was the case in this investigation, Equation (3) becomes 


w , 


Qt @® 
2.8 
g 


(4) 


Cr 


ope 


4 (@,+2) 


2n [2 
57.34, ar +4 +2 8] 
- t 
= Rie 
L 


and (80 j/da), Ss is computed from Equation [1a]. A plot of the lift-curve slope is presented 
in Reference 3 as a function of several geometric parameters. The computed values of 

(dC ,/d Cn. es are compared with experimental values!8 in Figure 33. The theoretical 

and experimental !4 lift-ecurve slopes are shown in Figure 34 as a function of the aspect ratio. 
The results of Equation [4], using the above values for (¢ aan 7 sand (OC n/n. 
are compared with the experimental data in Figures 35 and 36. 


For comparative purposes the pitching moment curve from Jossel’s equation !9 


0.0434 — 0,241 sina : 
C = —————_—_—_———. sina (6] 
™e/4 0.195 + 0.305 sina 


is also plotted on Figures 35 and 36. 
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Figure 33 - Effect of Aspect Ratio on Location of Chordwise Center of Pressure 
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Figure 34 - Effect of Aspect Ratio on Lift-Curve Slope 
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CENTER OF PRESSURE LOCATION 


The location of the chozdwise center of pressure, for control surfaces that are different 
from the ones tested, can be computed from 


a, 
CP)- = 0.25 ~ 8/4 
( Piz mee Cr cos a +Up sing (7] 


Also, from the geometry of the control surface shown in Figure 1, an approximate equation for 
the spanwise center of pressure for lifting surfaces having an elliptical load distribution can 
be written cs 


Cc : 2) cos Cc ( , )si a 
tar’ >) 082 + Cp \—]sin 
(CP), = 372 ¥ [8] 


b(C, cosa + Cp sine) 


where C,, Cp; and Cer can be computed from Equations [1], [2], and [4], respectively. 


COMPUTATION OF CONTROL SURFACE SHAFT TORQUE 


Since the control surface shaft is not usually located at the center of pressure of the 
hydrodynamic forces, a method of computing the resulting shaft torques is presented. First, 
from consideration of section shape, effective aspect ratio, sweep angle, and Reynolds num- 
ber, the proper curve is selected from the data presented in the Appendices. If the taper 
ratio or other geometric parameters differ from those for which mode! data are available, the 
characteristics can be calculated using the equations of the previous section. After the 
curve has been selected, the moment coefficient about a shaft lying in the symmetry plane and 
normal to the chordal plane of the control surface can be computed from: 


4-7 
3 1 
eee 
shaft L-t, &/4 


where the symbols are defined in Figure 37, 
Kence, the torque on the control surface shaft is given by: 


pP my = 
Manat = Cy Q SV7¢ [9] 


However, this is the turque produced by the hydrodynamic forces only; therefore, the frictional 
torque produced by the bearings and linkages also must be considered when computing the 
size of the shaft and equipment. 
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SUMMARY OF THEORETICAL AND SEMI-EMPIRICAL EQUATIONS 


The proposed theoretical and semi-empirical equations for computing the control sur- 
face characteristics required by the designer are summarized here for convenience. 


Lift Coefficient: 


ay @ Cp 2 
rae reenter ea Geen) rye 
ee ae a e a, 57.3 
a, 57.3 QB 
cos Q +44 
cos*Q is 
Drag Coefficient: 
C,? 
=f, + 
Cp d 7a .€ 


Pitching Moment Coefficient: 


— 


ac ac Cn 2 
Cit 0.08.-( "| “| a en (I 
e/4 a/c, =o]. 94 2 a. \57.3 
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Figure 37 — Sketch Defining Method of 
Computing Control Surface 
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Chordwise Center of Pressure: 


Omer, 
Pata | 22) |e ee ES {7 
(CP)e pus Cr cosa +Cp sina (7) 


and Spanwise Center of Pressure: 


Cc (< ~ Joos +C (~) sin 
—-— a — a 
L\3n 2 D\2 


(CP), = ——______-___ (8] 


“9 (FL cosa +, sina) 


The computed values of C,. Cp, and 


Cy... have been compared with the experi- 

mental values in Figures 29 through 32, 35, 

and 36, respectively. The computed value of (ps 

the lift coefficient for a control surface with a 

different geometric characteristics is com- $ 

pared (Figure 38) with the experimental re- rf 

sults obtained from Reference 14. Here also ~ ae UL 
the agreement between the theoretical and id R= 30x 108 


: eer : 1 
experimental values is quite satisfactory. poviartoas 


CONCLUSIONS AND RECOMMENDATIONS 


) 4 8 2 16 2024 
From the experimental results of this Angle St Atashy ots, ln ougress 
investigation, the effects of aspect ratio, Figure 38 - Comparison of Experimental 
sweep angle, tip shape, and section shape and Calculated Lift Coefficient for 
are evaluated and presented in the cross- Sauehe ip Veneer Surace ot Repent 


Ratio 2 and Taper Ratio of 1.0 
plots. Based on these results, control sur- 


faces with square tips, an NACA 0015 section, and a moderately swept quarter-chord line 
(if needed) are recommended for most naval applications. These semi-empirical equations 
are compared with the experimentally determined lift, drag, and pitching moment coefficients 
for the models with an NACA 0015 section. As can be seen from the comparison, the agree- 
ment is sufficiently good to recommend use of these equations for design purposes. 

It should be pointed out that these results are the free-stream model characteristics; 
hence the effect of the particular hull configuration on these characteristics must be con- 
sidered for each specific design application. 
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APPENDIX A 


FREE-STREAM CHARACTERISTICS OF SQUARE-TIP CONTROL SURFACES 
WITH AN NACA 0015 SECTION SHAPE IN THE AHEAD CONDITION 
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Figure 39 - Reynolds Number of 2.25 x 106 
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Figure 74 - Reynolds Number of 2.29 x 10° 
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Figure 79 - Reynolds Number of 2.29 x 10° 
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Figure 95 - Reynolds Number of 3.00 x 10° 
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Figure 104 - Reynolds Number of 1.37 x 10° 
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Figure 113 - Reynolds Number of 0.990 x 10° 
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Figure 114 - Reynolds Number of 1.41 x 10° 
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Figure 116 - Reynolds Number of 2.27 x 10° 
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Figure 118 - Reynolds Number of 3.00 x 10° 
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Figure 119 - Reynolds Number of 3.00 x 10° 
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Figure 120 - Reynolds Number of 3.00 x 10° 
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